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Abstract

Cardiovascular disease (CVD) is the most common non-communicable disease occurring
globally. Although previous literature have provided useful insights on the important role that
diet play in CVD prevention and treatment, understanding the causal role of diets is a difficult
task considering inherent and introduced weaknesses of observational (e.g., not properly
addressing confounders and mediators) and experimental research designs (e.g., not appropriate
or well-designed). In this narrative review, we organised current evidence linking diet, as well as
conventional and emerging physiological risk factors with CVD risk, incidence and mortality in
a series of diagrams. The diagrams presented can aid causal inference studies as they provide a
visual representation of the types of studies underlying the associations between potential risk
markers/factors for CVD. This may facilitate the selection of variables to be considered and the
creation of analytical models. Evidence depicted in the diagrams was systematically collected
from studies included in the British Nutrition Task Force report on Diet and CVD and database
searches, including Medline and Embase. Although several markers and disorders linked to
conventional and emerging risk factors for CVD were identified, the causal link between many
remains unknown. There is a need to address the multifactorial nature of CVD and the complex
interplay between conventional and emerging risk factors with natural and built environments,

while bringing the life course and the role of additional environmental factors into the spotlight.
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Introduction

Cardiovascular disease (CVD) is the most common non-communicable disease occurring
globally and is responsible for about 18.6 million deaths every year %), significantly impacting
individuals who are in the peak productive period of life; consequentially placing an economic
burden of billions of dollars on health care systems and the wider society ®. Reducing premature
mortality by a third from non-communicable diseases, including CVD, is a global priority put
forth as part of the UN Sustainable Development Goals ). Better identification and management

of CVD related risk factors could prevent thousands of premature deaths that result from CVD
@)

Diet is one factor that plays an important role in CVD prevention and treatment.
Understanding the causal role of diets in the prevention and treatment of CVD would
traditionally require randomized controlled trials (RCTSs), as they are often considered the gold
standard in establishing causal relationships. However, RCTs are not always the most
appropriate or feasible design in nutrition research, particularly in the CVD area. For instance,
RCTs can be costly as it can take several years before CVD outcomes can be directly measured.
Observational prospective studies, which are the second option in terms of causality, are not
without limitations. They are often criticized as unmeasured factors that influence both
exposures and outcomes might be responsible for the relationship reported in studies. In addition,
controlling for variables that mediate the relationship between exposures and outcomes can
introduce errors in the estimation of effects ©. Causal diagrams used in causal inference analysis
can be a useful tool to improve decisions with regard to selection and controlling for variables in
observational studies and avoid potential biases introduced by purely data-driven methods that
do not differentiate confounders and mediators ©®. Expert knowledge regarding the causal

structure of the relationship among diet and physiological risk factors for CVD is warranted.

In this narrative review, we aim to present diagrams illustrating current evidence on the
links between diet, as well as conventional and emerging physiological risk factors, with CVD
risk, incidence and mortality. To facilitate the visualization of potential causal links (ie., where
randomized studies exist) as well as areas for further research, the diagrams displayed
information regarding types of studies. The diagrams for conventional and emerging

physiological risk factors for CVD was informed by studies included in the British Nutrition
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Task Force report on Diet and CVD, which was published in 2019. This report comprehensively
reviewed and summarised the state of knowledge on major emerging risk factors for CvD . In
addition to extracting key primary and secondary references from this authoritative report,
database searches across Medline and Embase were conducted to identify additional studies that
might not have been captured by the aforementioned report. Searches were limited to systematic
reviews published from 2018 onwards (for search strategy see Appendix A). The diagrams
depicting the role of diet in the aetiology of CVD was also informed by the British Nutrition
Task Force Report and supplemented by a recent umbrella review ® and additional relevant
studies identified using a key terms approach. This narrative review aimed to present a
comprehensive but not necessarily exhaustive view of conventional and emerging risk factors for
CVD. The second aim of this paper is to discuss the potential application of the diagrams to

studies using tools from causal inference.

Conventional risk factors for CVD
Hypertension and blood pressure disturbances

Figure 1 depicts a summary of the relationships linking markers of hypertension and
blood pressure disturbances with CVD outcomes. In terms of observational studies, recent
evidence has suggested significant associations between different alterations in blood pressure
with increased cerebro- and cardio-vascular risk and events, including increased systolic blood
pressure @, central systolic blood pressure ®? and systolic blood pressure variability 9,
exaggerated systolic hypertensive response to exercise ® and orthostatic hypotension @7,
Patients with masked hypertension 8% and white coat hypertension ?*?? have also shown
increased CVD risk when compared to normotensive patients. One large prospective study in the
UK also showed that sustained hypertension has stronger associations with CV events when
compared to single blood pressure measurements, but inclusion of long-term systolic blood
pressure did not necessarily translate in better performance of CVD prediction tools 2. The
presence of hypertensive disorders during pregnancy ¥ have also been associated with increased
changes in the vascular structure of the mother, which might contribute to increased CVD risk.
Despite the variety of markers considered in systematic reviews of observational studies, only a
few of them were explored for their association with CVD mortality. In addition, conclusions

drawn from observational studies were often limited by the low number of studies available for
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some markers (e.g., blood pressure variability and masked hypertension), the tendency toward
publication bias, heterogeneity across studies — which hinders comparability and the lack of
proper adjustment for confounders.

In terms of randomized controlled trials (RCTs), recent reviews have shown that
compared to standard goals, intensive systolic or blood pressure reduction were accompanied by
larger reductions in stroke, coronary heart disease ¥, myocardial infarction and major adverse

cardiovascular events >

. Intensive reductions in diastolic blood pressure were further
associated with reduced CVD mortality (26). However, the benefits of intensive reductions in
blood pressure were heterogeneous across different groups. For instance, among patients with
type 2 diabetes, data show a linear relationship between systolic blood pressure reduction and the
occurrence of stroke ", but not other CVD events or mortality. Among hypertensive patients
with a history of coronary artery disease, lower targets reduced the number of total
cardiovascular events, but not adverse events leading to hospitalization, disability or death ©®.
Among the elderly, intensive antihypertensive therapy reduced the risk of CVD mortality, but
not the risk of stroke . Ultimately, intensive reduction in systolic blood pressure was only

beneficial for the prevention of stroke recurrence, but not first occurrence 2.

[Insert figure 1 here]

Diabetes and disturbances in the glucose and insulin metabolism

Diabetes has been associated with increased CVD risk ©%. Indeed, CVD is the most
prevalent cause of morbidity and mortality in patients with diabetes ©? thus suggesting an
important link between diabetes and CVD. Vascular complications in diabetes might be related
to genetic polymorphisms related to nitric oxide production ®®. As demonstrated in figure 2,
systematic reviews of observational studies have reported associations between different markers
of disturbances in the glucose and insulin metabolism with CVD. Glycemic variability % was
associated with poorer prognosis in coronary artery disease; fasting glucose ©* with higher risk
of major cardiovascular adverse events ©°3®); fasting insulin ®**? with coronary artery disease,
but there was no significant association between HOMA-IR “Y and stroke. Ultimately, an
increase in C-peptide levels was associated with a rise in CVD mortality “?.

Different stages and types of diabetes were also associated with increased CVD risk in

previous systematic reviews of observational studies, including type 1 diabetes, which was

Downloaded from https://www.cambridge.org/core. University of Ulster - Newtownabbey, on 13 Dec 2021 at 11:06:09, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50954422421000378


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0954422421000378
https://www.cambridge.org/core

Accepted manuscript

associated with increased subclinical atherosclerosis “®; type 2 diabetes with increased risk of

stroke, heart failure and occlusive vascular mortality “4“®

, with some studies reporting
differences between the sexes. For women, having type 2 diabetes was associated with a higher
risk for coronary heart disease, stroke, cardiac death and all-cause mortality compared to men
with diabetes “®; Moreover, gestational diabetes was related to increased cardiovascular events
postpartum ©% and pre-diabetes was associated with higher risk of major cardiovascular adverse
events .

Most of the systematic reviews and meta-analyses on this topic were based on
observational study designs, and therefore were prone to residual confounding that may affect
the associations between diabetes and risk of cardiovascular disease. Furthermore, significant
heterogeneity across studies attributable to variability in the measurement of outcomes and

s (34354445.4851-5%) ' hgroup comparisons (54), and duration of follow-up

g (364556)

adjustment for covariate

(45%) " misclassification of diabetic case

, as well as inconsistencies in defining
conventional CVD risk factors ®? were observed. Publication bias was found in some of the
systematic reviews 5% and the limited availability of data and/or studies prevented further
use of meta-regression analysis “>°%.

Despite the limitations of observational studies, systematic reviews of experimental
studies have supported a causal role of pharmacologically mediated glucose control in reducing
the risk of non-fatal stroke, non-fatal myocardial infarction, hospitalization for heart failure,
major adverse cardiac events ®>*"®Y, yet intensive glucose reductions did not appear to add

extra benefits among type 2 diabetic patients with high risk of CVD ©253).
Dyslipidemia

Traditional markers of lipid profile, including total cholesterol, low-density lipoprotein-
cholesterol (LDL-C), high-density lipoprotein-cholesterol (HDL-C) and triglycerides (TGL) are
well-established risk factors for CVD and are often included in CVD prevention and
management guidelines ®*%). Recent reviews of observational studies have highlighted distinct
relationships between these traditional markers and different cardiovascular diseases sub-types.
For example, they have reported weak inverse associations between LDL-C levels and
haemorrhagic stroke ©®, but have not found significant associations between total cholesterol,

LDL-C and HDL-C with ischemic stroke ©®” or death ©®®. In terms of TGL, reviews have shown
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detrimental associations between TGL and coronary heart disease ©® and death ©®, but mixed
associations between TGL and ischemic stroke in Western populations ¢, In patients with
diabetes the association between TGL and coronary heart disease became insignificant after
adjustment for other lipid parameters ®® which was not observed in studies with general
population.

As shown in figure 3, it has been suggested that additional lipid-related factors such as
inherited lipid abnormalities (e.g., familial hypercholesterolemia), levels of apoliproteins a-1,
apoliprotein b, lipoprotein (a) or apolipoprotein E4 isoform should also be considered in CVD

t (70-75)

risk assessmen . Familial hypercholesterolemia is a genetic condition that results in

elevated LDL-C and potentially increased CVD risk ®

. Recent systematic reviews of
observational studies have suggested associations between familial hypercholesterolemia and
atherosclerotic cardiovascular disease and non-vascular complications, including increased
abdominal aortic aneurysm 7, stroke and peripheral artery disease, with some associations
losing significance when analyses were restricted to genetically confirmed cases (e.g., stroke and
peripheral artery disease) "®. The certainty of associations was limited by the paucity of
studies available worldwide, in particular prospective studies "), In addition, the use of data at
study-level made it difficult to determine which risk factors were adjusted for in the pooled
analysis ©®. In terms of lipoprotein a, a case control followed by meta-analysis supported a
causal association between lipoprotein a and the risk of coronary disease . More recently, a
review of observational studies reported detrimental associations between lipoprotein a and acute
coronary syndrome, acute myocardial infarction, ischemic stroke, but mixed findings related to

CVD recurrence and death @2,

In addition to inherited disorders of lipid metabolism, recent advancements in this area
include the exploration of the association between non-HDL cholesterol, which has been
associated with highest risk of ischemic stroke (but not haemorrhagic) in men ®V increased
CVD risk in the general population and individuals with type 2 diabetes, but not with CVD
mortality ®?. Non-HDL was also considered a better predictor of coronary heart disease than
LDL-C on its own ®. Moreover, the additional value of the heterogenous population of LDL
and HDL-particles (LDL-P and HDL-P) has also been explored. For instance, systematic review
reported associations between LDL-P or small LDL particles and CVD risk ®¥. In addition, in a

meta-analysis of two prospective studies, HDL-C was not associated with atherosclerotic
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cardiovascular disease, myocardial infarction or stroke but HDL-P was inversely associated with
atherosclerotic cardiovascular disease ®*, which was also identified in a previous systematic
review of cohorts and case-control studies ®®. An additional meta-analysis of prospective studies
has also shown differences in associations between HDL and coronary heart disease (CHD) risk
based on ApoC-lII binding with HDL ®”. A systematic review of observational studies has
described that higher monocyte to HDL ratio on admission in ST-elevation myocardial infarction
patients who underwent primary percutaneous coronary intervention was significantly associated
with higher major adverse cardiovascular events and in-hospital mortality ®. More recently, a
systematic review of observational and experimental studies has reported negative associations
between cholesterol efflux and risk of coronary artery disease or acute coronary syndrome, but
not between stroke or myocardial infarction ®%. Reverse cholesterol transport refers to the
mechanism by which accumulated cholesterol is moved from the vessel wall to the liver for
excretion. An important step in this pathway is cholesterol efflux, by which macrophages within
the vessel wall secrete cholesterol outside cells. Moreover, a Mendelian randomization study
supported a causal association between remnant cholesterol levels and ischemic heart disease %,
yet only Caucasian subjects were included. Overall, issues related to limited number/quality of

studies 768

, Mmeasurement (e.g., single versus repeated measures and fasting versus
postprandial) ©*#-8287 or cut-offs used ©8828) and adjustment for confounders ©"9% were

raised as it could impact the strength of the associations between lipid markers and CVD.

In terms of experimental studies, previous systematic reviews have shown that lipid
lowering (statins and non-statins) interventions reduce clotting tendency ©?, stroke ©?, incidence
of major cardiovascular events in high risk patients ©®®, with the reduction of coronary
atherosclerosis being associated with reductions in LDL-C and non-HDL-C ®*. Interventions
aiming to reduce LDL-C to very low levels showed additional benefits compared to standard
targets ®>°® and reduced cardiovascular mortality in patients with higher baseline LDL-C levels
®49 __ though at the cost of increasing the risk of intracerebral haemorrhage ©”, which are
perceived to be outweighed by the benefits it promotes on other stroke sub-types ©®. Decisions

on the intensity of LDL-C targets should be tailored to individual’s CV risk.

[Insert figure 3 here]
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Obesity

Figure 4 shows the association between obesity and CVD risk, events and mortality.
Different markers of obesity have been associated with increased acute myocardial infarction ©®,
sudden cardiac death %, stroke %) deleterious vascular outcomes % and cardiovascular

mortality %9

. For instance, specific adipocytokines, which are biologically active mediators
secreted by the adipose tissue, such as adiponectin °® and visfatin ‘% have also been associated
with higher coronary artery disease and CVD mortality. In addition, a prospective cohort study
of people with obesity and a normal metabolic profile, sometimes referred to as having
‘metabolically healthy obesity’ showed a substantially higher risk of developing diabetes and
atherosclerotic CVD and increased all-cause mortality compared with people with metabolically
healthy non-obesity °”. The increased CVD risk among metabolically healthy overweight and
obese could be explained by the high risk of future metabolic dysregulation or obesity-related

health consequences 10112),

Systematic reviews of prospective observational studies have also shown that weight gain
was associated with myocardial infarction, coronary heart disease, stroke, and CVD incidence
(1% On the other hand, there is a weight loss paradox in CVD mortality “*"**" which seems to
be driven by unintentional weight loss “*®. Limitations of these performed systematic reviews
included the fact that the majority of studies used BMI as the only indicator of adiposity/obesity
(108.109.120-125) ' BM| does not distinguish between weight associated with muscle and weight
associated with fat. Furthermore, it does not take into account the difference in fat storage across
diverse ethnicities. In some studies, there was no direct measure of body composition 23126127)
thus, raising concerns regarding the use of convenient indicators of obesity to accurately predict
CVD risk. Another important limitation was the lack of adjustment for effect modifiers and
confounding factors, such as age, sex, physical activity, smoking status, socioeconomic status
and medical treatment (100112:115117-119.122,123,126,128-130) " Thage aspects can influence the meta-
analyses results, intervention’s impact and must be considered when interpreting the results. In
addition, studies that evaluated the influence of genetic aspects did not consider ethnicity or
genetic ancestry, thus having implications for generalizing findings ®%32. Ultimately, sources
of bias, including publication bias, small-study effect, evidence of high heterogeneity between

studies were also identified. Sources of heterogeneity were often associated with differences in
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study characteristics, definitions and measurement of outcomes and sample size, background

characteristics of populations from which the studies were derived (t°8:110:122.133-135)

We also see supportive evidence from Mendelian randomization studies suggesting a
causal link between obesity, in particular central obesity, with increased Peripheral Arterial
Disease “*®, Coronary Arterial Disease “*" and CVD @7, |n addition to a possible causal
link of central obesity in CVD risk, measures of central obesity, such as waist circumference and
waist to hip ratio have also been considered better predictors of CVD risk than BMI 39,
Altough not completely elucidated, different mechanisms have been cited to explain the
important role that central obesity plays in CVD, such as promoting insulin resistance,

inflammation, oxidative stress which contribute to an atherogenic state 4042,

Systematic reviews of RCTs have also investigated the impact of weight reducing diets
combined or not with physical activity and pharmacological approaches to weight loss.

119 Few

Pharmacological interventions resulted in a significant decrease in CVD mortality
studies explored the impact of diet (often low-fat diets) and physical activity and found no
significant impact on CVD incidence and mortality. The study was not able to establish whether
other forms of diet would provide different results *¥, but this will be discussed further in the
diet section of this paper. In terms of bariatric surgery, a systematic review found only one RCT
that showed no effect of surgery on heart failure incidence “*?. Remaining evidence in this area
comes from observational studies “***”) that show associations among surgery and reduced
incidence of heart failure and mortality **® and coronary artery disease deaths ¥ for example.
In a number of RCTs, bariatric surgery has also resulted in long term weight reduction, more
often driven by reduced food intake, yet additional mechanisms such as gastric emptying and
changes in appetite hormones are also involved. RCTs have also reported improvements in other

cardiovascular risk factors, such as hypertension, dyslipidemia and type 2 diabetes “*%.
Emerging risk factors for CvVD

It has been suggested that conventional risk factors for CVD fail to explain at least 25%

of new CVD cases, which prompted the interest in exploring the role of emerging risk factors

5D Despite of criticism *°?, studying emerging risk factors for CVD has the potential to

contribute to our understanding of the pathophysiological mechanisms of CVD and identify new

areas for prevention and targets for treatment °%.
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Inflammation

Figure 5 illustrates an increasing interest in the association between inflammation and
CVD risk and mortality. Systematic reviews of observational studies have shown that systemic
inflammatory conditions such as rheumatoid arthritis, systemic lupus erythematosus, systemic
sclerosis and ankylosing spondylitis are associated with increased subclinical atherosclerosis and
risk of developing cardiovascular disease “****". In addition, endometriosis, also considered an
inflammatory disease, has also been associated with increased risk of lifelong cardiovascular
events including myocardial infarction, independent of demographic and lifestyle factors %,
Localised inflammation has also been linked to vascular pathology. For instance, a meta-analysis
of observational studies revealed a significant relationship between periodontitis and peripheral
arterial disease **%. Ultimately, inflammation triggered by pathogens has also been linked to
increased risk of cardiovascular and cerebrovascular events, specifically infections with H.
pylori, C. pneumonia and M. pneumonia .

Different markers of inflammation have been associated with increases CVD risk, yet not
all of the identified relationships were proved to be causal. For instance, a reliable marker of
systemic inflammation, C-reactive protein (CRP) and high-sensitivity C-reactive protein (hs-
CRP) were associated with increased risk of major cardiovascular events among patients with
peripheral artery disease in systematic reviewand meta-analysis observational studies ¢%16?,
with increased risk of in-hospital mortality in patients with aortic dissection “®® and with
cardiovascular and all-cause mortality in type 2 diabetes patients — this result was independent of
study design, follow-up duration of the patients or the presence of pre-existing cardiovascular
risk factors ‘®%. Despite supportive evidence from observational studies, a Mendelian
randomization study has reported that variation in hs-CRP was not associated with CVD ¢,
suggesting that hs-CRP might be a risk marker but not a risk factor. Additional markers further
explored include: monocyte chemoattractant protein-1 or intercellular adhesion molecule 1,
which is a marker of vascular inflammation that has been correlated with ischemic stroke,
coronary artery disease and myocardial infarction ¢51%": erythrocyte distribution width (RDW),
which is a novel prognostic marker that may reflect an underlying inflammatory state, was
shown to predict adverse outcomes in CVD patients *®®. Neutrophil-to-lymphocyte ratio (NLR),

which identifies subclinical inflammation, was identified as a predictor of hospitalization and
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long-term prognosis in patients with ST-elevation myocardial infarction after percutaneous
coronary intervention 9,

Inflammation-associated immune response also seems to play a critical role in CVD
progression. Proinflammatory cytokines T helper cell 1 (Thl) and T helper cell 2 were positively
linked with retinopathy and cardiovascular complications “’?. One of the most important pro-
inflammatory cytokines, tumour necrosis factor-alpha (TNF-a) was shown to contribute to

@ Moreover, upregulation of the TNF- receptors 1 and 2 was

extensive arterial disease
positively associated with CVD events and mortality in patients with type 2 diabetes 72
Myeloperoxidase, a white blood cell-derived enzyme that quantifies inflammatory
activity from the luminal aspect of the arterial wall, was shown to be positively associated with
increased risk of mortality in patients with systemic CVD, but not associated with myocardial
infarction or major adverse cardiac events '®. Serum amyloid A, an acute-phase protein
involved in the pathogenesis of atherosclerosis, was associated with increased risk of coronary
heart disease, especially for patients aged more than 55 years ", Systematic reviews of
observational studies have shown that IL-6 is present at higher circulating levels in CVD patients

@73 In addition, a Mendelian randomization study indicated that

than in non-CVD controls
genetic variants which lead to higher circulating concentrations of IL-6 receptors (IL-6R) (and
consequently less IL-6 cell signalling and lower circulating CRP) appear to be protective against
CHD (176).

RCTs have shown mixed results on the impact of anti-inflammatory therapies with non-
TNF targeting biologics and small molecules approved for the treatment of inflammatory
arthritis such as tocilizumab, abatacept and anakinrarender atherosclerosis, stroke, myocardial
infarction, cardiovascular death ’”. Although it has been hypothesized that groups of patients
who have a significant inflammatory component contributing to their cardiovascular disease

@78 such evidence comes mostly from

might benefit from anti-inflammatory strategies
observational studies. It has been suggested that different immunomodulatory treatments might
be needed for different atherosclerotic stages “’® but more studies are necessary to determine
specific targets that contribute to increased CVD risk in patients with local and systemic

inflammation.
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Oxidative Stress

Most of the evidence linking oxidative stress to CVD comes from observational studies.
In systematic reviews, ox-LDL levels were associated with carotid plaques, carotid media
thickness and atherosclerotic cardiovascular disease, yet associations were not consistent across
studies . In addition, a review of prospective studies showed that IgM anti-oxLDL antibodies
offer some protection from more severe CAD and possibly cardiovascular events 2%, Emerging
evidence from one systematic review further linked Oxidative Balance Scores (OBSs), which
evaluate the global balance of individuals' oxidation-reduction status, with CVD risk 82,
Additionally, a critical review suggested that NADPH oxidases might play an important role in

cardiovascular disease occurrence and development 8%

. In terms of experimental studies, a
recent systematic review of randomized studies showed that addition of oxidase inhibitors
(XOls) to conventional ACE-inhibitors may potentially result in improved survival free from

major adverse cardiovascular events in post-acute myocardial infarction patients 8%,

Haemostatic and fibrinolytic disturbances

The haemostatic system prevents bleeding and haemorrhage following any form of injury
to the endothelium. In the context of CVD, the rupture of the atheromatous plaque triggers
coagulation processes within the arterial lumen, which leads to thrombus formation and blood
clot obstructing blood flow thereby causing tissue death *2°.

As shown in figure 7, several markers of coagulation processes have been studied in
recent years. For instance, a recent meta-analysis of prospective studies followed by a Mendelian
randomization study identified 13 genetic loci with modest contributions to plasma levels of
FVIIL or VWF @) which have also shown to be associated with the risk of venous

thromboembolism 89 (187,188)

, coronary artery and heart disease and major adverse
cardiovascular events “”. For fibrinogen, a systematic review of prospective studies reported
that fibrinogen levels improved CVD risk prediction in men but not in women 9. However, a
more recent meta-analysis of prospective studies showed that there was no evidence for a causal
role of fibrinogen in coronary artery disease, stroke, and venous thromboembolism ®*%. Tissue
plasminogen activator (t-PA) is a thrombolytic protease produced mainly by vascular endothelial
cells, that converts inactive plasminogen into active plasmin, which then degrades fibrin

complexes, a major component of a thrombus. A review of prospective studies showed that t-PA
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antigen was log-linearly related to coronary heart disease risk “®®. In addition to t-PA, D-dimer
and VWF were more weakly associated with incident coronary heart disease than markers of
inflammation (IL-6 and PCR) and lipid metabolism (TGL, Lp(a) and total cholesterol) in a
systematic review of prospective studies, markers of coagulation ¥, Observational associations
between coagulation markers and CVD risk were limited by a number of factors, including small
number os studies available, incomplete information ®®"*¥) and measurement issues (e.g.,
diurnal or seasonal fluctuations) “¥78% and measurement issues %9,

In contrast to t-PA, plasminogen activator inhibitor-1 (PAI-1) is a member of the serine
protease inhibitor family which inhibits fibrinolysis. The thrombosis process is determined by
the balance between t-PA and PAI-1, with increased PAI-1 levels in plasma inducing a
hypercoagulable state %), Systematic reviews have shown that PAI-1 levels were an
independent predictor of a first CVD event among individuals with no prior CVD @9,
Furthermore, elevated PAI-1 antigen levels were associated with major adverse cardiac events
(death, myocardial infarction, and cerebrovascular events including stroke and transient ischemic
attacks) in populations with and without established CVD. In addition, elevated PAI-1 antigen
levels were associated with all-cause mortality “°®. Another study, using observational data and
a Mendelian randomization, has shown the causal effect of PAI-1 on CHD onset, potentially
mediated by blood glucose dysfunction, suggesting that the fibrinolysis pathway may be a good
target for CHD treatment @9,

In terms of experimental studies, recent systematic reviews of RCTs have shown that
different anticoagulant therapies (factor Xa inhibitors such as apixaban, edoxaban, and
rivaroxaban) reduced the occurrence of ischemic stroke "% and its severity **%, of embolism
(192200201) and of major adverse cardiovascular events “%?. Factors such as individual’s age, body
mass index could modify the treatment effect of anticoagulation but was not explored in all

studies for anticoagulation therapies.
The link between risk factors and endothelial dysfunction, an intermediary marker of CVD

The vascular endothelium plays a vital role in the pathogenesis of cardiovascular disease.
We found evidence linking conventional CVD risk factors, such as hypertensive disorders @,
obesity and diabetes ®® to systemic endothelial dysfunction, leading to CVD. Chronic diseases

such as non-alcoholic fatty liver disease have also been associated with an increased risk of
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atherosclerotic cardiovascular disease, in a mechanism involving endothelial dysfunction ©%%.
Albuminuria, which is an early marker of kidney disease, has also been associated with cerebral
small vessel disease, which makes it particularly important as a biomarker in the evaluation of
brain microvascular damage “%. The release of endothelial cell-derived substances such as nitric
oxide, a potent vasodilator, contributes to vascular health. A non-invasive method of assessing
endothelial function in peripheral vessels is the brachial artery flow-mediated dilatation (FMD)
(206).

During the test, a rapid decrease in blood flow is induced by inflating an arm cuff to
supra-systolic pressure for 5 min. This ischaemic period results in increased production of nitric
oxide and other vasoactive molecules from the endothelial cells. Upon pressure release, the
increase in flow known as hyperaemia that induces shear stress, results in vasodilatation
mediated by nitric oxide diffusing into the vascular smooth muscle cells. These changes can be
monitored in real time using a Doppler ultrasound. Therefore, brachial artery FMD is considered
a measure of endothelium- and nitric oxide-dependent vasodilation ®°”). Several meta-analysis
suggested that impairment of brachial FMD is significantly associated with future cardiovascular
events %219 The strength of association of FMD and future CVD events was found to be
higher in patients with established CVD, suggesting that FMD may be more useful in screening
for recurrent CVD events in patients at high risk 2.

Recent advances in this area have also highlighted a shared mechanistic pathway

(212213)  Eop

involving inflammation and endothelium oxidation in endothelial dysfunction
instance, SNPs involved in processes related to endothelial and vascular health such as vascular
endothelial growth factor receptor, platelet/endothelial cell adhesion molecule-, endothelial nitric
(214-218) yet

studies had small sample sizes, were limited in number or did not account for gene-environment

oxide synthase and endothelin-1 contribute to local and systemic vascular disorders

interaction.

The carotid intima-media thickness (CIMT) is used to diagnose the extent of carotid
atherosclerotic vascular disease by using ultrasound which measures the thickness of the inner
two layers of the carotid artery—the intima and media. CIMT changes precede plaque formation
in carotid atherosclerosis, so this non-invasive measurement can accurately describe the process
of arterial wall changes due to atherosclerosis and can be used to monitor apparently healthy and

at-risk populations ??%). Systematic review and meta-analysis have also established that increased
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CIMT is a reliable marker of the progression of coronary artery disease, increased risk of stroke
in older adult without a history of cardiovascular disease, cerebral infarction, atherosclerosis

throughout the body @2

. Furthermore, increased CIMT was shown to be an independent
predictor of myocardial infarction and CVD ???. Several other longitudinal studies showed that
CIMT measurements are a validated surrogate end point for atherosclerosis and vascular disease
risk, suggesting that CIMT can provide additional information that cannot be obtained based on

the assessment of conventional cardiovascular risk factors alone #*

The interconnections between CVD risk factors

Intergenerational perspective

The hypothesis that foetal, infant and childhood conditions affect CVD risk later in life is
not new ®*¥. In recent years, systematic reviews of observational studies provided an indication
that exposure to famine (particularly when coupled with exposure to nutritional excess after
birth), higher maternal weight >, maternal diabetes ®*® maternal dyslipidaemia " maternal
hypertension ®*®, maternal polycystic ovarian syndrome #*® were associated with offspring's
risk of congenital heart defects, CVD events and risk. There is also indication that low birth

K (23023) gome

weight and prematurity are associated with greater CVD and CV event ris
researchers also hypothesize that adverse intrauterine conditions result in both structural changes
in the organs along with increased risk of metabolic disturbances, such as obesity, hypertension,
diabetes, dyslipidemias, all of which impact CVD risk ®*?. As presented in figure 9, the majority
of the evidence on the role of fetal and childhood conditions comes from observational study
designs, meaning that residual or unmeasured factors may confound the association between
fetal and childhood conditions with future CVD risk. In addition, study heterogeneity, which in
some cases prevented meta-regression analysis ®*3, recall bias %, selection bias, citation bias
(2% and short follow-up, which prevented further stratified analysis or subgroup comparisons
such as sex- or age-specific relationships “*>?%® in future CVD risk, were important limitations.
A small number of intervention studies have supported that macro- and micronutrient
supplementation in mothers during the antenatal period resulted in lower incidence of T2D and

hypertension in childhood, but longer follow-up is still needed #3723,
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Integration of multiple biological pathways

We find many examples that illustrate how multiple physiological pathways are
integrated in CVD risk. For instance, one previous Mendelian randomization study with 90.000
Danish individuals suggested that the relationship between obesity and ischaemic heart diseases
was partly mediated through non-fasting remnant cholesterol (7%), which is the cholesterol
content of triacylglycerol-rich lipoproteins, low-density lipoprotein cholesterol (8%) and
elevated blood pressure (7%) @9. A more recent two-sample Mendelian randomization study
with a larger number of participants also supported the involvement of triacylglycerol levels and
further identified an important role of poor glycaemic control on the risk of coronary heart
diseases *?. Body composition changes typical of obesity (e.g., visceral fat and ectopic fat), as
well as pro-inflammatory cytokines produced by the adipose tissue, might influence CVD risk
via the mechanisms related to changes in lipid profile (e.g., LDL-C, HDL-C, triglycerides and
remnant cholesterol), insulin resistance, hypertension, but also through pro-inflammatory (e.g.,
increase in TNF-alpha and IL-6), pro-thrombotic (e.g., increase in PAI-1) and pro-oxidative
states (e.g., Ox-LDL, NADH and ROS) ©**2*?: a5 well as through hemodynamic and structural
changes of the heart, and cardiac functions %%,

Obesity is not the only component interacting with other risk factors for CVD risk. For
instance, a recent umbrella review has supported a causal role of higher birth-weight, BMI, waist
circumference and systolic blood pressure for diabetes risk ®*?, which have been discussed in
previous sections of this paper as being a relevant risk factor for CVD. In addition, a Mendelian
randomization study have supported the existence of shared genes between type 2 diabetes and
coronary heart disease, yet mediation analyses are still needed to disentangle the effects of type 2
diabetes from those related to obesity in the context of CVD risk ©*°.

The role of natural and built human environments

Beyond interactions between genes and physiological systems, characteristics of the
human environment directly or indirectly might affect CVD risk, such as circadian rhythms,
seasons of the year, sunlight exposure, altitude, noise, pollution, green spaces, socioeconomic
deprivation, social networks, nutrition and physical activity “*®. For example, exposure to air
pollution, might contribute to increased CVD risk via increased oxidative stress, followed by
increased inflammatory and coagulation responses, which impact atherosclerosis, vascular and

endothelial functions ®*”. Exposure to air pollution might be particularly worrisome for
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susceptible individuals, such as those with underlying atherosclerosis (or predisposing
conditions), who are at higher risk of cardiovascular event or deaths in response to pollution
exposure, when compared with those who are otherwise healthy @*”. Thus, understanding how
different characteristics of human environments, including diet, interact with physiological
systems and affect CVD risk is necessary to improve CVD prediction and management.

The role of diet on CVD risk

Nutrient-based approach

Diet is one component that moderates or amplifies CVD risk. As presented in figure 10a,
more robust evidence around macronutrients and CVD risk is available for the role of dietary
fats, potentially due to the established relationship between circulating cholesterol levels and
cholesterol lowering interventions on CVD risk **®. However, evidence on the role of dietary
cholesterol has been mixed. For instance, one systematic review and meta-analysis of cohort
studies found that cholesterol intake was not associated with coronary artery disease, ischemic
stroke, or hemorrhagic stroke ?*. On the contrary, a more recent meta-analysis of prospective
studies in the US found that a higher intake of dietary cholesterol was associated with a higher
risk of CVD incidence and mortality “*?. In addition, evidence to date is not supportive of a link
between total fat intake and risk of coronary heart disease or CVD mortality. For specific lipid
components, such as saturated fat, current observational studies do not show a relationship with
coronary heart disease or CVD mortality either — the only exception seems to be a relationship
with the incidence of ischemic stroke. More consistent findings exist on the association between
trans fatty acids and coronary heart disease and CVD mortality, thus justifying calls for trans-fat
ban % In experimental studies, total intake of polyunsaturated fatty acids is also not associated
with coronary heart disease or CVD mortality and conflicting evidence remains on individual
associations between n-3 and n-6 polyunsaturated fatty acids.

In 1953, a high intake of n-3 polyunsaturated fatty acids (n-3 PUFA) in the Greenland
Eskimo population was associated with a relatively low incidence of CHD and since then there is
growing interest in the use of n-3 PUFA as therapeutic agents in CVD ®2. Most well-known
sources of n-3 PUFA are marine based fish and fish oil that contain eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA). In reviews of prospective studies, increased n-3 PUFA intake
was associated with a lower risk of fatal myocardial infarction or major cardiovascular events

(253254 "viet mixed findings emerge from RCTs ®. Despite that, there is strong evidence from
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RTCs that replacing saturated fatty acids (commonly found in animal-based foods like butter,
cheese, fatty meat) with n-3 PUFA reduces the risk of CVD events and coronary mortality ©**.
The link between n-3 and CVVD can be explained by the cardioprotective actions attributed to n-3
PUFA in mechanisms involving anti-inflammatory, antiatherogenic, antiarrhythmic,
antithrombotic and antioxidant functions ©*®.

More recently, increased attention has been paid to the relevance of other macronutrients,
such as carbohydrates and proteins on CVD incidence ®*”. Similar to the evidence on fats, total
intake of carbohydrates was not associated with CVD incidence and mortality as shown in a
meta-analysis of large prospective studies conducted in North America and Europe ®*®. Rather,
evidence to date suggests that the quality of carbohydrates might be more important over
quantity. There is supporting evidence on the role of dietary fibre, with prospective studies and
RCTs reporting associations between fibre intake and improvements in a number of
physiological CVD risk factors @ and coronary heart disease and CVD incidence .

Figure 10b shows that a number of micronutrients have been tested in experimental
studies for their potential role in CVD prevention. There are a number of studies that refute
benefits of single nutrients, such as from vitamin D and C, on CVD risk, major adverse events
and mortality ®®Y. However, there is some supportive evidence of a potential benefit of folic acid
and B vitamins in stroke and CVD prevention “*?. In addition, a recent Mendelian
Randomization study showed that genetically predicted vitamin E levels were associated with
small protection in terms of coronary artery disease and myocardial infarction, which could be
potentially related to shared genetic pathways between vitamin E and lipids metabolism ®%.
Food based-approach

In recognition that individuals eat whole foods and not isolated nutrients, studies have
also explored the role of specific food groups or individual foods on CVD risk, which are
depicted in figure 10c. For instance, a recent systematic review of observational and
experimental studies showed that, olive oil, which is high in monounsaturated fatty acids, was
associated with decreased risk of stroke, but not coronary heart disease. Also, in observational
studies, consumption of nuts, which are high in polyunsaturated fats, were associated with both,
reduced coronary heart disease and stroke (8). Also, foods that are high in simple carbohydrates,
such as sugar-sweetened beverages, were associated with increased coronary heart disease

incidence in previous meta-analysis of prospective studies (264) and whole grains, which are
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high in complex carbohydrates, were associated with decreased CVD mortality and risk of
coronary heart disease, but not stroke (8).

In terms of protein rich foods, such as meat, fish, legumes and dairy it might be difficult
to disentangle the effect of any particular nutrient on CVD risk, incidence or mortality. For
instance, although higher total protein intake has been associated with a higher risk of CVD
mortality and non-stroke CVVD mortality in a recent meta-analysis of prospective studies (Figure
10a), this association was mainly driven by animal protein sources, rather than plant-based
sources (Figure 10c). A detrimental effect of animal protein was only observed in North America
and Europe, but not in Japan ®*, suggesting that pathways linking animal protein and CVD
mortality might be related to nutrients (e.g., saturated fats) other than protein content that are
present in animal foods. For instance, fish was associated with reduced CVD mortality in
observational studies ®. For legumes, which are rich not only in protein but also in fibre, a
review of observational studies showed associations between intake and reduced coronary heart
disease risk, CVD mortality, but not stroke ®. In terms of dairy, a recent overview of systematic
reviews showed that in observational studies consumption of total dairy was associated with risk
of stroke, but not consistently associated with CVD, coronary heart disease or myocardial
infarction risk. When looking at specific dairy foods, yoghurt or buttermilk were not
significantly associated with CVD, coronary heart disease or stroke, while fermented milk
showed benefits in terms of CVD, coronary heart disease and stroke incidence and mortality, and
milk and cheese showed mixed findings for all CVD outcomes “®®, thus highlighting that
particular fermented dairy products might be of relevance.

Other foods, such as fruits and vegetables, were associated with decreased risk of stroke,
but did not decrease the risk of coronary heart disease and CVD mortality ® — which might be
potentially linked to the fibre and specific minerals content. Cacao, coffee and green tea are
recognized by their phytochemicals content, which is hypothesized to exert CVD protection. In
systematic reviews of observational studies, chocolate reduced coronary heart disease, stroke,
and CVD mortality, coffee was only associated with CVD mortality and green tea with reduced
the risk of stroke ®. In addition, we found emerging evidence from a systematic review of cross-
sectional and prospective studies demonstrating that a high intake of ultra-processed foods is

associated with increased risk of CVD and cerebrovascular disease %,
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Dietary-pattern approach

To account for the cumulative effect of and interactions between nutrients and foods on
health outcomes ®®®, analysis of the impact of dietary patterns on CVD are becoming more
common in nutrition research (presented in figure 10d). In systematic reviews of RCTSs,
consumption of healthy diets, classified using the Healthy Eating Index (HEI), for example, have
resulted in reduced CVD risk in high risk populations, yet no benefits in CVD mortality for the
general population were observed ®. In addition, the Mediterranean diet, which is composed
mostly by fruits, vegetables, whole grains, legumes and beans, olive oil and nuts, with moderate
amounts of animal proteins, resulted in reduced the risk of myocardial infarction, stroke and
CVD incidence/mortality in RCTs, with mixed findings on coronary heart disease 29,
Associations with carotid intima-media thickness, which is an established surrogate marker of
preclinical atherosclerosis, still need to be confirmed, as discussed in a systematic review of
cross-sectional studies and RCTs ¢’%. Another dietary pattern that also showed promising results
in terms of CVD prevention is the Dietary Approaches to Stop Hypertension (DASH). Similar to
the Mediterranean diet, the DASH diet is also focused on fruits and vegetables, and whole grains.
Protein sources include low-fat dairy, fish, poultry and nuts, while red meat is also limited.
DASH also reinforces foods that are high in potassium, calcium, and magnesium and low in
sodium. An umbrella review of prospective studies showed that consumption of the DASH diet
decreased the incidence of cardiovascular disease, coronary heart disease, stroke ©®. DASH diet
was also associated with reductions carotid media thickness *’®. Comparisons between the
DASH diet and the Mediterranean show that the DASH diet is more effective in reducing blood
pressure, with more pronounced benefits observed among individuals with larger reductions in
body weight ¢, The Mediterranean diet, on another hand, has less consistent evidence in terms
of systolic blood pressure, diastolic blood pressure, triglycerides, HDL-cholesterol, insulin,
HbAcland LDL-C, but more consistent results in terms of body weight/fat, total cholesterol,
glucose and C-reactive protein *9. Ultimately, adherence to the Japanese diet consisting of eight
components (high intake of rice, miso soup, seaweeds, pickles, green and yellow vegetables,
fish, and green tea; low intake of beef and pork) has also been associated with a decreased risk
CVD mortality among adults living in multiple areas across Japan ¢’?. To date, Paleolithic diet
7% and Nordic diet “" were associated with physiological risk factors for CVD, but not CVD

clinical endpoints.
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In addition to the more comprehensive dietary patterns which provide recommendations
and targets for various food groups, there are diets that focus on the exclusion of specific food
groups, such as the low(er) carbohydrate or vegetarian diets. Systematic review of observational
studies showed that high adherence to a vegetarian diet was associated with reduced coronary
heart disease, with no reported impact on stroke or CVD mortality ©. In similar studies, low
carbohydrate diets were not associated with reductions in risk of CVD incidence or mortality
@78 yet RCTSs reported improvements in traditional risk factors for CVD ©™®. In diets that are
focused on the exclusion of particular food groups, careful consideration of replacement or
substitute food groups is required. For instance, a meta-analysis of prospective studies showed
low carbohydrate diets were associated with increased mortality when carbohydrates were
exchanged for animal-derived fat or protein; and decreased when the substitutions were plant-
based fats or proteins ®'”. Low carbohydrate diets can also result in reductions or elimination of
whole grains or fibres, which, as previously described, have shown cardioprotective benefits.

From the evidence presented, we tentatively conclude that different dietary factors impact
CVD risk via different pathways. Diets should be considered in the context of the nutrients they
encompass and interventions to address CVD risk should be seen in the context of

individuals/populations being treated, which have implications for both research and practice.
[Insert figure 10 here]

Innovation in future research

As RCTs are difficult to perform, time consuming and not meant to answer all questions
regarding the role of diet in CVD incidence and mortality, epidemiological research must not
only recognize that different dietary patterns impact CVD risk via different nutrients and
physiological pathways but also to pursue innovative efforts to properly address the complexities
that are inherent to both domains.

A new research direction in nutrition science include the use of causal inference thinking
and analytical methods (e.g., matching, inverse probability, G-estimation). Three key conditions
required to enable causal inferences to be made from observational data, include consistency (ie.,
the values of treatment under comparison correspond to well-defined interventions),
exchangeability (ie., probability of receiving every value of treatment depends only on measured
covariates) and positivity (ie., the probability of receiving every value of treatment is greater than

zero) ®’®. Causal inference thinking and analysis aims to emulate a randomized experiment and
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extract evidence for cause-and-effect relationships by investigating well-defined interventions
@79 and counterfactual scenarios from observational studies “®2%3). For example, in a causal
inference study, researchers pose questions such as “what is the impact of diet X on
cardiovascular risk Y?” and draw structural relationships between exposures and outcomes,
taking account of confounders and mediators. Subsequently, observational data is used to
corroborate or invalidate these relationships. Unlike standard statistical approaches, causal
inference analysis allow not only the pathways to be inferred from the data, but also the nature of
the functional relationships among risk drivers and outcome variables. These techniques address
a common problem in epidemiological research where highly non-linear relationships cannot be
captured properly with standard statistical approaches that typically assume linear or log-linear
relationships and make strong assumptions with respect to the behaviour of residuals.

Considering the complexity of biological processes and their interactions with built and
social environments, substantial challenges remain before we can robustly establish cause and
effect from observational data. Expert knowledge of the causal structure underlying diet and
health issues remains a crucial component in causal inference analysis and interpretation 3.
The diagrams included in this paper present an alternative way to consolidate and better visualise
available evidence. For instance, the diagrams provide information of the type of evidence
supporting the link between a number of variables and CVD outcomes, thus highlighting which
of these are potential risk factors for CVD (e.g., consistent evidence from randomized studies).
Altough the diagrams are currently presented as separate figures, future developments include
their integration into an interactive platform that would enable researchers and clinicians to
appreciate the complexity of questions linking diet and CVD outcomes and better design causal
diagrams, which are considered useful tools for identifying, measuring and addressing potential
counfounders . Future developments in this area also include the use of more extensive
datasets.

In addition, the area of precision nutrition also deserves further exploration as
individual’s responses to diets may vary based on their phenotype or ‘metabotype’ (which has a
multitude of determinants not fully understood yet)®®®. One large prospective study, followed by
a randomized trial, showed that the use of an algorithm that integrated blood parameters, dietary
habits, anthropometrics, physical activity, and gut microbiota information accurately predicted

and improved individual’s glycemic responses to a nutrition intervention (%87) The exploration of
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phenotypic factors that influence response to nutrition interventions remain largely unexplored

and could further improve the understanding of nutrition intervention results 2.
Implications for evidence-informed practice

Current clinical practice addressing cardiovascular disease blends the interaction between
population research with the individual the clinician is caring for. Managing CVD risk is started
by modifying lifestyle factors in the first instance followed by introducing medication, for
treating hypertension, diabetes mellitus type 2 and hypercholesterolaemia. However, guidelines
for how to help patients change their lifestyle are lacking for medical professionals who often

rely on the use of knowledge from very limited training in medical schools, or their own research
(289)

One reason guidelines may be lacking for clinicians to give advice on lifestyle change is
the recognition that generic advice which is effective and safe is not often possible for the whole
population. In terms of diet, consideration of the trade-offs in terms of risks/benefits must be
considered in the context of individual CVD risk profiles, along with factors such as accessibility
and long-term feasibility. As such, clinicians must identify and tailor advice to achieve success.
However, with the dawn of precision nutritional care, algorithms or guidelines for specific sub-
sets of the population may be possible to create, allowing clinicians to feel more comfortable
initiating lifestyle changes tailored to the individual . One challenge is that precision medicine is
difficult to deliver in primary care. Another challenge lies in doing more extensive and more
rigorous research to create robust algorithms to support effective personalised care using
objective health risk scoring methods that seamlessly incorporate diet and lifestyle related risk
factors amongst others. This would entail using blood samples from hundreds of thousands
participants to create a dataset that can be compared and ultra fast computers to process this data
in depth, enabling the development of algorithms that are more adaptable and effective for each
individual. Dealing with confounders becomes even more important when developing guidelines

for personalised interventions.
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Conclusion

Current evidence from observational studies regarding the role of blood pressure
disturbances suggests that less understood disorders such as white-coat hypertension, masked
hypertension (normal blood pressure reading in the clinic but elevated during ambulatory
measurements), orthostatic hypertension as well as pre-eclampsia are not completely benign in
terms of CVD risk. In experimental studies, not all groups of hypertensive patients and not all
CVD outcomes benefited from intensive reductions in blood pressure. Similarly, several markers
of disturbances in the glucose and insulin metabolism have been associated with increased risk of
particular CVD events and/or mortality. Early stages of diabetes including gestational diabetes
were also linked with increased CVD events, potentially due to increased risk to develop type 2
diabetes in the long-term. Reducing glucose levels below standard targets showed no benefits for
patients with type 2 diabetes and high risk of CVD, yet studies in the primary prevention context
are still needed. Although conventional lipid markers such as LDL-C, HDL-C, TGL have been
largely associated with overall CVD risk, for particular CVD outcomes, the evidence is less
consistent, such as ischaemic stroke. More recent evidence in this domain points to the relevance
various apolipoproteins, and of more specific components, such as proteins binded to cholesterol
or cholesterol sub-particles. Different from intensive reductions on glucose levels, reducing
LDL-C below standard targets were associated with increased reductions of CVD events among
high risk patients, at expense of increased risk of intracerebral haemorrhage. For obesity,
different markers that suggest accumulation of adipose tissue, as well as substances secreted by
adipocytes, were associated with increased CVD events and a few of them with increased CVD
mortality. RCTs of pharmacologically induced weight loss demonstrated reduced CVD
mortality, yet evidence of other approaches such as low-fat diets and bariatric surgery is still
limited. Although there are several emerging markers of disturbances in blood pressure, glucose
and insulin, lipids and fat deposition, the utility of including such markers in CVD prediction
tools or targeting them in CVD prevention therapies remains unknown. Also, considering that
the benefit of targets above the usual standards were heterogeneous across different groups of
patients, suggests that future studies should be sensitive to the background risk of patients and
the relevance of other factors in CVD risk. Ultimately, future studies should also consider the

specific mechanisms of different CVD diseases, as both established and new markers of blood
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pressure, glucose and insulin metabolism, lipid metabolism and fat deposition were associated
with some CVD outcomes but not others.

Evidence regarding the role of more emerging risk factors, such as inflammatory
conditions, relies mostly on observational studies that highlight different inflammatory diseases
and markers associated with increased CVD risk, yet more studies are still required to determine
causal relationships and specific targets for treatment. On the contrary, there are several
experimental studies showing benefits of anti-coagulation therapies for CVD, yet many
coagulation markers still need to be explored for causality. Ultimately, evidence regarding the
role of endothelial dysfunction, which has been considered an important mediator between other
risk factors and CVD events, also relies on observational studies and further exploration is still
required.

This review also highlighted additional factors that might influence CVD risk through the
previously discussed physiological risk factors, including pre-birth and early childhood
conditions, yet evidence also relies on observational studies which are subject to several
confounders. Intervention studies were scarce potentially due to long-term follow-up required to
observe the impact on CVD clinical outcomes. Although not extensively, we also presented
additional factors such as those related to the environment which might influence CVD risk, such
as air pollution, socioeconomic deprivation, and diet in particular.

In terms of diet, many aspects might impact cardiovascular health. Although network
analysis suggests superiority of particular dietary patterns over others, which might be related to
the cumulative effect of various nutrients on different risk factors for CVD, different results still
present for different individuals, irrespective of adherence issues. In order to move forward and
disentangle the effect of diet on CVD, the scientific community should consider the
multifactorial nature of CVD and the complex interplay between physiological conventional and
emerging risk factors with natural and built environments, while bringing the life course and the
role of additional environmental factors into the spotlight. In order to bring together the different
confounders that would account for biased estimates in observational studies, nutrition research
would benefit from large collaborations and virtual tools that organise information and data
across the different pathways that lead to CVD. Experimental research would benefit from
exploring the impact of diet on physiological and conventional to novel and emerging risk

factors linked to CVD as part of a continuum where the interplay between individual risk factors
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needs to be better understood and where possible, quantified. Whilst the challenge in translating
results from controlled environments to real-life contexts remains, further research strategies are
needed to systematically harness routine ‘real-world’ data such as those from electronic health
records and take a causal inference analysis approach to investigating temporal and aetiological
factors highlighting previously underutilised opportunities for risk mitigation particularly
through the modulation of diet and lifestyle factors.
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Figure 1. Hypertension and blood pressure disturbances associated with CVD risk, incidence and

mortality.
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Figure 2. Diabetes and disturbances in the glucose and insulin metabolism associated with CVD

risk, incidence and mortality.
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Figure 3. Dyslipidemia and lipid disorders associated with CVD risk, incidence and mortality.
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Figure 4. Obesity associated with CVD risk, incidence and mortality.
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Figure 5. Inflammation associated with CVD risk, incidence and mortality.
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Figure 6. Oxidative stress associated with CVD risk, incidence and mortality.
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Figure 7. Haemostatic and fybrinolitc disturbances associated with CVD risk, incidence and
mortality.
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Figure 8. Endothelial dysfunction associated with CVD risk, incidence and mortality.
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Figure 9. Intergeenrational perspective associated with CVD risk, incidence and mortality.
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Figure 10a. Macronutrients associated with CVD risk, incidence and mortality.
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Figure 10b. Micronutrients associated with CVD risk, incidence and mortality.
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Figure 10c. Foods associated with CVD risk, incidence and mortality.
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Figure 10d.Dietary patterns associated with CVD risk, incidence and mortality.
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